The integration of metabolic processes by the regulation of enzyme synthesis aLnd enzymatic activities has been demonstrated in catabolic, anaplerotic, and anabolic routes (H. L. Kornberg, in Function aLnd Structure in Microorganisms, Symp. Soc. Gen. Microbiol. 15:8-31, 1965 ). In each case, the iate of enzyme synthesis and the activities of the pLacemaker enzymes are r-egulaLted by indicator metabolites which communicate the demand for the activity of a given series of reaLctions from one pathway to another. Frequently, the supply of aLn essential metabolite in the mediuimi obviates the need for a biosynthetic pathway, alnd the pathway is braked by these mechanisms. The Krebs tricarboxylic acid cycle can conceivably be divided into a series of anabolic reactions that function in the supply of a five-carbon skeletoin (re-ketoglutarate), which is required for the biosynthesis of glutamate and amino acids derived from glutanmate, and a series of catabolic r-eactions involved in the oxidation of the same carbon skeleton. The two functions of the tricarboxylic acid cycle, the production of energy via the catabolic sequenice of reaLctions and the supply of carbon skeletons for the synthesis of glutamate, are performed by different enzymes. Each set of enzymes may respond to a different control mechanism, reflecting its anabolic or catabolic function.
Several reports have described a reduction in the levels of Krebs cycle enzymes when glucose is added to a complex medium (1, 4, 6, 8, 9, 12, 24) . Graly, Wimpenny, and Mossman (8) found that glucose repression was partially alleviated when Escheliic/uia coli was grown in a syntlhetic mineral salts medium in which the cycle must be used for synthetic purposes. They suggested that the Krebs cycle can be divided into three sectors which are under independent control. Amarasinghlam and Davis (1) observed that a-ketoglutaLrate dehydrogenase was absent in anlaerobically grown cells of E. Coli. In aerobic cultures, grown with glucose or lactate as the carbon source, this enzyme was not formed until a substantial accumulation of metabolites occurred. They proposed that this pathway is composed of a biosynthetic branch leading to a-ketoglutarate and a reductive branch which leads to succinate in E. coli. a-Ketoglutarate 11ANSON ANI) COX amphibolic (5) . However, it is clear thait the functions of the tricarboxylic acid cycle vary according to the substr-ates used for-growth of the cells (1, 8, 25) . The levels of any one enzyme in this pathway reflect the nutritionial conditions during growtlh of the cells aLnd nmLay vary independently of other enzymes of the cycle that perform a different functioni in catabolism or anabolism.
In previous reports (10, 25) , it (14) .
Estimation of the o.viation ol/ ar(liaoctire compoml;ds' to "CO,. Cells from the chemlostat effluenit were harvested by centrifugationi anid washed in the noniradioactive assay nmediumn. They were thenl suspenided in the assay mediumii and assayed as originially describecd by Hanson et al. (Il). The assayrmediumll was composed of the basal salts mediumll supplemnented witlh 4 gmroles of glucose per ml and 1 /iilole of glutamate per ml at pH 6.8. The radioactive suLbstrates were added so that eachi flask contained 2.5 X l(1) COUltS per mmi. GlUtamate was included to eqtlalize thle glutamiiate concenitrations in the event Soime of this compound was transferrecd with the cells from the growth Imlediium to the test mediClm1. All tLeCqual carry-over couldt prejudice the reslllts because of isotope dilutioni. This is niot believed to be a controversial factor, because cells grownl in the Imlediumi conltaininiig glutamate alwaN s oxidized ''C-glutamate more rapidly than cells grown in the minimllal glIlcose m1ediuL111.
RESULTS
E//ect of carbon soulrces on tiic syvthtCesis oJ the enzymies of the tr-icaroxvhlic acid cycle. The specific activity of aconitase was shown to be higher when B. slbtilis 168 was grown on glutamate and acetate than when grown on glucose as the sole carbon source (25) . Complete repression of the synthesis of aconitase during growth on glucose would prevent the synthesis of glutamate and thus prevent growth, because aconitase is required for the synthesis of glutamate in B. subtilis. The data presented in Fig. 1 indicate that "glucose repression" of each enzyme is only partial, as predicted from these considerations. In Fig. 1 a Numbers correspond to the numbers on the abscissa in Fig. 1. is not possible to predict from present data whether the repression of glucose metabolism at low growth rates is responsible for the increased rate of formation of aconitase.
The biosynthetic role of the tricarboxylic acid cycle would be expected to be expressed fully whenever glucose or glycerol serves as the sole carbon source. The addition of glutamate or casein hydrolysate to the minimal glucose medium would reduce the role of the cycle in biosynthesis. This is consistent with the observation that the synthesis of all three enzymes shown in Fig. 1 In these experiments, the repression by compounds added to a minimal glucose medium was tested. It should be borne in mnind that the synthesis of all the enzymes of the tricarboxylic acid cycle is partially repressed under these conditions (see Fig. 1 ). Those metabolites which increase the efficienicy of this repression are of interest in these studies.
For these studies, enzyme synthesis was measured during outgrowth of germinated spore suspensions. The data in Tables 3, 4 (Fig. 2) , demonstrates the specificity of the metabolites whiclh cause repression. The mixture of 15 amino acids present in the synthetic medium used in these studies (mixture A) has been found to stimulate slightly the synthesis of aconitase. All of the compounds which prevent the synthesis of aconitase are potentially capable of being converted to glutamate. Aspartate, which also supplies tricarboxylic acid cycle intermediates, does not cause repression (10) . In B. licheniforlnis cultures, the addition of glutamate and glutamine to the minimal glucose medium caused repression of aconitase, whereas ornithine and airginine did not (Table 3 ). The catabolism of arginine to glutamate in this organism has been shown to be sensitive to the presence of glucose in the growth medium (13 the tricarboxylic acid cycle. This regulation is superimposed on the catabolite repression described in the previous section. It is not possible at the present time to decide whether a-ketoglutarate and glutamate are the true corepressors. It is unlikely that it is a catabolite of one of these compounds, because malate and succinate do not cause repression of the synthesis of aconitase under identical conditions.
The fact that the addition of glutamate, arginine, and proline at 3 X 10-4 M results in complete inhibition of the synthesis of aconitase for more than a mass doubling (Fig. 2) indicates that this control mechanism is very efficient in restricting enzyme synthesis.
Lack off coordinate control of the synthesis of enzymes of the tricarboxylic acid cycle. The data in Fig. 1 and 2 and Tables 3, 4 , and 5 clearly show that the control of the synthesis of succinic dehydrogenase, fumarase, malic dehydrogenase, and isocitric dehydrogenase differs from the control of aconitase synthesis in B. subtilis and B. lichenifbrmis. The addition of glutamate to the minimal glucose medium causes almost complete repression of aconitase without significantly affecting the levels of succinic dehydrogenase, fumarase, malic dehydrogenase, or isocitric dehydrogenase. All of these enzymes are synthesized at lower levels when glucose serves as the carbon and energy source than when lactate or acetate and glutamate are used ( Fig. 1 and  reference 25) .
All single compounds which repress the synthesis of aconitase, when added to the minimal glucose medium (arginine, ornithine, glutamine, glutamate, and a-ketoglutarate), in B. subtilis Table 2 . Samples (50 ml) of the culture were harvested at intervals anid a.ssayed for aconiitase amid isocitric dehydrogentase.
other tricarboxylic acid cycle enzymes significantly (Tables 3-5) .
Because isocitric dehydrogenase is considered as an enzyme of the anabolic portion of the tricarboxylic acid cycle, it was important to verify the effect of glutamate on its synthesis. For this purpose, B. licheniformis spores were germinated and transferred to different growth media; the total enzyme in 50-ml samples of each culture was assayed in cell samples harvested at intervals during growth. The differential rate of synthesis of these two enzymes was determined by plotting the total units of enzyme in 50 ml of culture as a function of the optical density during growth. It is apparent from the results of Fig. 2 It is apparent that the control of the tricarboxylic acid cycle in E. coli differs in some respects from that observed in B. subtilis and B. licheniformis. Aconitase, isocitric dehydrogenase, and fumarase were all found to be repressed in E. coli cells when glutamate was added to the synthetic growth medium containing glucose (Table 7) .
Malic dehydrogenase was not repressed under these conditions. The tricarboxylic acid cycle enzymes cannot be separated into functionally distinct pathways regulated by the addition of glutamate to the growth medium in E. coli. Gray and his co-workers (8) proposed that the tricarboxylic acid cycle enzymes are induced or repressed in three main groups in E. coli. Each group responds to an individual control mechanism. The enzymes which metabolize the tricarboxylic acids and the group which metabolize the 4-carbon decarboxylic acids are induced or repressed whenever there is a need to synthesize amino acids. The enzyme (a-ketoglutarate dehydrogenase) which oxidizes a-ketoglutarate remains repressed until this substrate is required for synthetic purposes. On a complex medium without glucose, all enzymes of the pathway were induced or derepressed so that the cycle could operate as an energygenerating pathway. The reductive formation of dicarboxylic acids via malic dehydrogenase, fumarase, and fumarate reductase appears to be a biosynthetic pathway when E. coli is grown 
